Purpose: Lynch syndrome accounts for 2-4% of all colorectal cancer, and is mainly caused by germline mutations in the DNA mismatch repair genes. Our aim was to characterize the genetic mutation responsible for Lynch syndrome in an extensive Colombian family and to study its prevalence in Antioquia. Methods: A Lynch syndrome family fulfilling Amsterdam criteria II was studied by immunohistochemistry and by multiplex ligation-dependent probe amplification (MLPA). Results were confirmed by additional independent MLPA, Southern blotting, and sequencing. Results: Index case tumor immunohistochemistry results were MLH1Ϫ, MSH2ϩ, MSH6ϩ, and PMS2Ϫ. MLPA analysis detected a duplication of exons 12 and 13 of MLH1. This mutation was confirmed and characterized precisely to span 4219 base pairs. Duplication screening in this family led to the identification of six additional carriers and 13 noncarriers. We also screened 123 early-onset independent colorectal cancer cases from the same area and identified an additional unrelated carrier. Conclusion: A novel duplication of exons 12 and 13 of the MLH1 gene was detected in two independent Lynch syndrome families from Colombia. A putative founder effect and prescreening Lynch syndrome Antioquia families for this specific mutation before thorough mismatch repair mutational screening could be suggested. Genet Med 2011:13(2):155-160.
C olorectal cancer (CRC) is the second leading cause of cancer death in the developed world, whereas in developing countries this neoplasm represents the sixth or seventh cause of cancer death. Lynch syndrome (LS), an autosomal dominant hereditary disorder, is the most commonly inherited form of CRC and accounts for 2-4% of all CRC. 1 In Colombia, CRC is the fourth cause of cancer mortality, and it is estimated that approximately 2400 individuals die annually due to this cancer, 2 and approximately 75 persons die annually due to LS. 3 LS is characterized by high penetrance, early-onset CRC and an increased risk for extracolonic tumors (endometrium, stomach, small bowel, ovary, hepatobiliary tract, renal pelvis, and ureter). Clinical diagnosis of LS based on the Amsterdam II criteria or revised Bethesda guidelines can be difficult because family history information is often incomplete, and a typical clinical phenotype such as diffuse polyposis is not present. 4, 5 However, its early recognition is essential to identify high-risk individuals who will require intensive cancer surveillance. A significant patient survival advantage and reduction in the incidence of colorectal tumors have been observed after colonoscopic screening and polypectomy. 6 Germline mutations in DNA mismatch repair (MMR) genes, most commonly MLH1 and MSH2 (90%), less frequently MSH6 (10%), and rarely PMS2 and EPCAM, are responsible for the majority of cases of LS. 1 However, MSH6 and PMS2 are less studied in molecular LS screenings, and mutations in these genes could be largely underestimated (van der Klift et al., unpublished study). Mutations in MMR genes impair the function of the corresponding MMR protein, which normally recognize and repair mismatched nucleotides caused by DNA polymerase slippage mispairing. This MMR alteration results also in absence of the corresponding protein and microsatellite instability in the tumor tissue. Therefore, microsatellite instability analysis and tumor immunohistochemistry (IHC) can provide a comprehensive picture of molecular abnormality in patients with LS by demonstrating the MMR alteration and pinpointing the specific gene most likely to be mutated.
Recently, additional screening for genomic rearrangements in the MMR genes by multiplex ligation-dependent probe amplification (MLPA) has also been added to the LS genetic testing routine because these molecular defects have been found to be also causative of LS, and they are not detected by the aforementioned screening techniques. [7] [8] [9] [10] So far, there is only one LS study including molecular screening in the Colombian population. 10 That study included 23 unrelated Colombian families with LS that were screened for point mutations in the MLH1 and MSH2 genes with a mutation detection rate of 48%. However, MLPA was not performed previously to the thorough exon scanning by single strand conformation polymorphism. Therefore, some of the patients with LS in that previous study without a mutation in the MMR genes may have some undetected genomic rearrangements in their MMR repair genes.
The aim of our study was to identify a pathogenic germline mutation in an extensive Colombian family fulfilling Amsterdam II criteria to give genetic counseling and provide a presymptomatic and confirmatory molecular diagnosis, and to study its prevalence in this population. We have identified a novel duplication of exons 12 and 13 of the MLH1 gene by MLPA, DNA quantitative polymerase chain reaction (PCR), Southern blotting, and sequencing. This mutation was also detected in an unrelated LS family from the same Colombian province, suggesting a putative founder effect in this population.
MATERIALS AND METHODS

Patients
We studied an extensive family that fulfilled Amsterdam II criteria, 4 and were from the Antioquia province in central Northwestern Colombia. 4 A family tree depicts 66 members in four generations and six family nuclei (Fig. 1) .
Individuals from this family developed CRC more commonly, although other neoplasms were also present including endometrial cancer, pancreatic cancer, ovarian cancer, lung cancer, and cholangiocarcinoma. One of their members (II-8) initially presented with a CRC at age 49 years, then endometrial cancer at age 54 years, and later cholangiocarcinoma at age 64 years. Villous polyps were also found in two members of this family (in one case without concurrent CRC). Personal and familial history data were reported by a family member. Individual cancer diagnosis and onset age were confirmed by reviewing medical reports. An additional Colombian cohort (123 early-onset unrelated CRC cases and 80 cancer-free controls) was also available.
Informed consent to perform the molecular analysis was approved by the Hospital Clínic of Barcelona, the University of Tolima, and Pablo Tobon Uribe Hospital and was obtained from all individuals who participated in this study.
DNA and tissue samples
DNA samples extracted from peripheral blood were available from 20 individuals of this family. DNA extraction was performed in reference centers in Colombia and Miami, FL. The index case (III-17) was studied initially, and afterward, when the LS mutation was identified, mutational screening was offered to the rest of the family. Up to now, 19 additional members have been screened for this specific mutation. IHC data for MMR proteins were available from CRC tumor lesions of two members of this family (index case and III-14). IHC analyses were performed in the Department of Pathology of the Ullevål University Hospital (Oslo, Norway). DNA samples from an additional Colombian cohort (123 early-onset unrelated CRC cases and 80 cancer-free controls) were screened for the presence of the mutation identified in this study.
MMR mutational screening: MLPA
Mutational screening in the MMR genes was initiated, as recommended, by performing MLPA before extensive exon scanning to detect genomic rearrangements. We used a test for the MLH1/MSH2 genes available commercially (P003-MLH1/MSH2, MRC-Holland, Amsterdam, The Netherlands; www.mrc-holland.com) according to manufacturer's instructions. Samples were loaded onto a 3130 Genetic Analyzer (Applied Biosystems, Foster City, CA), and results were visualized using the Gene Mapper program and analyzed with the SEQUENCE Pilot-module MLPA ® program (JSI medical systems GMBH, Kippenheim, Germany). 
Confirmation of MLPA results: Additional MLPA and quantitative DNA real-time PCR
Results with the P003-MLH1/MSH2 MLPA kit were confirmed by also using the MLPA P248-MLH1-MSH2 kit (MRCHolland, Amsterdam, The Netherlands). This MLPA kit is directed to the same genes and exons as the P003-MLH1/MSH2 MLPA, but probe sites are located independently.
Additionally, to confirm the duplication of exons 12 and 13 of the MLH1 gene, a quantitative DNA real-time PCR was also performed. The index case and two control DNAs were analyzed in triplicate for exons 11, 12, 13, and 14 of MLH1 and for exon 8 of an unrelated gene (PARVG). Eight microliters of each DNA sample (at 0.1 ng/L) was mixed with SYBR Green PCR Master Mix and 20 pmol of each primer to a final volume 25 L. PCR conditions in a 7300 Real-Time PCR System (Applied Biosystems, Foster City, CA) were 95°C for 10 minutes; 40 cycles at 95°C for 15 seconds and 58°C for 1 minute; and a final dissociation stage of 95°C for 15 seconds, 60°C for 1 minute, 95°C for 15 seconds, and 60°C for 15 seconds. Amounts of DNA in each amplification were determined by comparing the results to a standard curve produced by real-time PCR of serial dilutions (e.g., undiluted, 1:4, 1:16, and 1:64) of a known amount of DNA.
Molecular characterization of the MLH1 duplication: Southern blotting and sequencing
Southern blot analysis was performed to get information about the size of the duplication and the location of the breakpoints. HindIII, ScaI, and Bsp1407I digests of genomic DNA of the index patient were hybridized with a specific cDNA probe encompassing exons 11-19 of MLH1. Analysis of the aberrant restriction patterns combined with an in silico restriction map of the genomic region of interest (Webcutter2.0; www.rna.lundberg.gu.SE/cutter2/) enabled us to identify a region where breakpoints will be most likely located. In that region, a duplication-specific PCR was designed with a forward primer in MLH1 exon 13 (5Ј-TCGGGAAGATTCT-GATGTGG-3Ј) and a reverse primer in exon 12 (5Ј-GAC-CTTATCACTACTTCCAG-3Ј), predicted to amplify a 1-1.5 kb PCR product from genomic DNA of the patient. This PCR product was used to sequence across the breakpoints with an internal forward primer (5Ј-GTTACAGAGCAAGGAGT-TGA-3Ј) and the same reverse PCR primer.
Specific PCR amplification for MLH1 duplication screening
To rapidly screen for the MLH1 duplication in other members of this family or in independent Colombian CRC families, a specific PCR amplification was performed combining a new set of primers MLH1-12aR (5Ј-GAATCTGTACGAAC-CATCTG-3Ј) and MLH1-13F (5Ј-TGCAACCCACAAAATT-TGGC-3Ј). These primers were combined with other exon 12 amplification primers (12aF: 5Ј-ATTTGGGGACCTGTA-TATCT-3Ј and 12cR: 5Ј-ACAGAATAAAGGAGGTAGGC-3Ј) to disregard lack of PCR amplification due to low-quality DNA. Then, if DNA is not degraded, noncarriers and duplication carriers will show 233 and 513 base pair (bp) fragments, whereas a 1289-bp band will only be present in duplication carriers (Fig. 3B) . Cycling conditions were 94°C for 1 minute; 35 cycles at 94°C for 15 seconds, 53°C for 15 seconds, and 72°C for 30 seconds; and a final extension of 72°C for 3 minutes.
RESULTS
A large Colombian family fulfilling clinical Amsterdam II criteria was referred to our laboratory for LS molecular testing (Fig. 1) . IHC data for tumor MMR proteins was available for the index case (III-17) and an additional sibling (III-14), being MLH1Ϫ, MSH2ϩ, MSH6ϩ, PMS2Ϫ, compatible with a genetic defect in the MLH1 gene. DNA from the index case affected with CRC at age 47 years (male, III-17) was sent for molecular MMR testing.
Mutational screening in the MMR genes was initiated, as recommended, by performing MLPA before extensive exon scanning to detect possible genomic rearrangements. When we exons are displayed horizontally (a complete specification can be found at http://www.mrc-holland.com). In the vertical axis and displayed side-to-side, dark shadow boxes correspond to relative peak area (RPA) in control DNA and light shadow boxes to RPA in the analyzed patient DNA. Lower diagram, Patient DNA/control DNA ratio RPA is displayed for individual MLH1/MSH2 exons. Patient DNA/control DNA ratio RPA for MLH1 exons 12 and 13 in the index case was 135% higher as highlighted by the corresponding two dark shadow boxes, suggesting an heterozygous duplication of these exons.
used a test for the MLH1/MSH2 genes, we were able to detect a heterozygous duplication apparently involving exons 12 and 13 of the MLH1 gene (Fig. 2) . Afterward, to confirm this duplication by other independent molecular techniques, we performed an additional MLPA test and a DNA quantitative realtime PCR. The additional MLPA test was directed to the same genes and exons as the P003-MLH1/MSH2 MLPA, but probe sites were located independently. This additional MLPA test confirmed that exons 12 and 13 of MLH1 were duplicated in the index case DNA (results not shown). Additionally, this duplication was also confirmed by performing a quantitative DNA real-time PCR (results not shown). Both independent techniques confirmed this duplication and showed that the alteration was only restricted to exons 12 and 13, and it did not extend to exons 11 or 14 of the MLH1 gene.
To further characterize this novel duplication at the molecular level, Southern blotting and sequencing were performed on the index case DNA. Southern blot analysis consistently showed an aberrant fragment of 4 -4.2 kb, and sequencing across the breakpoints permitted determination of the exact size of the duplication: 4219 bp. Duplication breakpoints are lying in long T stretches, a (T) 21 located 8 bp upstream of exon 12 and a (T) 19 in intron 13 starting 896 bp downstream of exon 13 (Fig. 3) . This duplication should be described as c.1039 -8T_1558 ϩ 896Tdup following mutation nomenclature recommendations (GenBank accession: NM_000249; http://www.hgvs.org/mutnomen/). 11 Moreover, to screen for the MLH1 duplication in additional unrelated Colombian CRC cases, a rapid specific PCR amplification was used combining existing primers for exons 12 and 13. PCR amplification using primers 13F and 12aR was only able to yield a fragment of 1289 bp in exons 12 and 13 MLH1 duplication carriers, as it is depicted in Figure 3 .
Once this novel MLH1 duplication was thoroughly confirmed to be the causative LS mutation in the index case DNA, we proceeded to offer molecular diagnostic, either confirmatory or presymptomatic, to the rest of his family. By doing so, we were able to identify this MLH1 duplication in heterozygous form in 6 of the 19 additional studied family members (Fig. 1).   Fig. 3 . A, Duplication breakpoints lie in long T stretches, a (T) 21 lying 8 bp upstream of exon 12 and a (T) 19 in intron 13 starting 896 bp downstream of exon 13. B, Primers 12aR and 13F were used to screen for the MLH1 duplication in other Colombian CRC families by a rapid specific PCR amplification that resulted in a fragment of 1289 bp in duplication carriers as depicted in lanes 2 and 3. Additional fragments of 233 and 513 bp were detected in all tested samples (lanes  1-4) . PCR amplifications were run on TBEX1 in a 3% agarose gel. bp, base pair; M, 100-bp molecular weight marker.
Finally, we screened for this MLH1 duplication in a CRC cohort to investigate its frequency in that population and explore a putative founder effect in the same population. A total of 123 individuals with CRC and 80 cancer-free controls were screened. We identified a carrier of this duplication among cases, and none of the controls carried this mutation. The mutation carrier was a woman who presented with ovarian cancer and CRC at the age of 35 and 53 years, respectively. The patient's son and sister also were affected with CRC before age 30 years. Interestingly, both families are independent and from Antioquia, an area in Northwestern Colombia, a population isolate where several founder effects have been detected for other monogenic conditions. 12
DISCUSSION
Diagnosis of LS based only on clinical criteria can be difficult because family history information is often lacking, and a typical clinical phenotype for this disease is not present. However, early recognition of LS is essential to identify individuals at high risk who will require intensive cancer surveillance. Therefore, identification of the causative mutation in LS families is extremely useful for genetic counseling and to correctly direct prevention strategies more accurately for mutation carriers at risk of developing CRC and other malignancies and to avoid excessive clinical intervention in noncarriers.
Molecular studies for LS or other genetic conditions are scarce or nonexistent in some populations. There is only one previous molecular LS study in Colombia. 13 In that work, 23 families, either fulfilling Amsterdam II criteria (11) or Bethesda guidelines (12) were screened by single strand conformation polymorphism for point mutations in the MLH1 and MSH2 genes, and eight causative mutations were identified, four of them not previously reported. The MSH6 and PMS2 genes were not included in the molecular screening, and neither MLPA nor any other technique able to detect genomic rearrangements was used. The MLH1 duplication identified in our study could not have been detected by the methodology used in that previous study. Indeed, screening for genomic rearrangements in LS is strongly recommended because this type of mutation can be a cause of this hereditary condition as it has been observed in several populations around the world. 8 -10,14,15 The MLH1 duplication (c.1039 -8T_1558 ϩ 896Tdup) identified in this study affects exons 12 and 13, and can be considered novel as it has never been reported in LS mutation databases (International Society for Gastrointestinal Hereditary Tumors database, http://www.insight-group.org/mutations/ and Memorial University of Newfoundland Mismatch Repair Genes Variant database, http://www.med.mun.ca/mmrvariants/). 16 Also, this duplication is most likely not affecting normal splicing of exons 12 and 13 but results in the incorporation of additional exons 12 and 13 into the MLH1 mRNA. This duplication is predicted to create a frameshift and consequently a predicted premature truncation of the translated protein after 44 nucleotides of the duplicated exon 12 (p.520Vfs564X). On the other hand, a premature termination codon early in the coding region of the mRNA will most likely give nonsense-mediated decay and loss of the transcript all together. Without RNA studies of this allele, a solid conclusion about the effect of the duplication cannot be drawn, except that it is most certainly deleterious to the functioning of the allele.
Regarding the mutation's origin at the molecular level, this tandem duplication of 4219 bp is most probably caused by Tstretch-mediated homologous recombination. Duplication breakpoints lie in long T stretches, a (T) 21 located 8 bp upstream of exon 12 and a (T) 19 in intron 13 starting 896 bp downstream of exon 13 (Fig. 3A) . Previous reports of LS genomic rearrangements have highlighted the role of Alu-mediated homologous recombination as a common cause for these mutations but not recombination involving T stretches. 14, [17] [18] [19] [20] Also, Alu-mediated homologous recombination seems to be more involved in MSH2 genomic rearrangements, whereas MLH1 rearrangements may originate from alternative mechanisms. 20, 21 This LS genetic alteration was found in the MLH1 gene, whereas genomic rearrangements in MMR genes have been found more frequently in MSH2. 22 Interestingly, duplications in the MMR genes also seem to be a less frequent mutational event than deletions, and they have been rarely reported. 10, 22, 23 Additionally, this novel MLH1 duplication was detected in two independent LS families from the Antioquia area in the Northwestern part of Colombia, and a founder mutation effect may be inferred. A number of this kind of mutations have been identified in the MMR genes, 17, 24 several in the MLH1 gene. [25] [26] [27] [28] Founder mutations of specific populations are important and they can help in the molecular screening of a hereditary disease. Initial screening for these mutations will easily detect carriers, and it would facilitate cumbersome exon-by-exon gene scanning by reducing the number of samples to be screened. The Antioquia area in Colombia is a population isolate where founder effects have been previously detected for other hereditary conditions such as Alzheimer or Parkinson disease. 29, 30 Therefore, it may be recommended to prescreen MLH1ϪLS Antioquia families for this putative founder mutation before performing the thorough MMR mutational screening.
To conclude, a novel duplication of exons 12 and 13 of the MLH1 gene was detected in two independent families from Colombia as the causative LS mutation. Identifying pathogenic mutations in these families will greatly facilitate presymptomatic diagnoses and genetic counseling, making better therapeutic decisions for carriers before disease manifestation. Also, a putative founder effect for this mutation in the Antioquia area could be inferred with LS molecular screening implications in the Colombian population.
